Light neutralino dark matter in $U(1)_X$SSM by Zhao, Shu-Min et al.
ar
X
iv
:2
00
8.
06
20
9v
1 
 [h
ep
-p
h]
  1
4 A
ug
 20
20
Light neutralino dark matter in U(1)XSSM
Shu-Min Zhao1,2∗, Guo-Zhu Ning1,2†, Jing-Jing Feng1,2, Hai-Bin Zhang1,2, Tai-Fu Feng1,2,3‡
1 Department of Physics, Hebei University, Baoding 071002, China
2 Key Laboratory of High-precision Computation and Application of
Quantum Field Theory of Hebei Province, Baoding 071002, China and
3 Department of Physics, Chongqing University, Chongqing 401331, China
(Dated: August 17, 2020)
Abstract
The U(1)X extension of the minimal supersymmetric standard model is called as U(1)XSSM
with the local gauge group SU(3)C×SU(2)L×U(1)Y ×U(1)X . U(1)XSSM has three singlet Higgs
superfields beyond MSSM. In U(1)XSSM, the mass matrix of neutralino is 8 × 8, whose lightest
mass eigenstate possesses cold dark matter characteristic. Supposing the lightest neutralino as
dark matter candidate, we study the relic density. For dark matter scattering off nucleus, the cross
sections including spin-independent and spin-dependent are both researched. In our numerical
results, there exists some parameter space that can satisfy the constraints from the relic density
and the experiments of dark matter direct detection.
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I. INTRODUCTION
There are several existences of dark matter in the universe, and dark matter contribution
is more important than the visible matter. The earliest and the most compelling evidences
for dark matter are the luminous objects that move faster than one expects[1, 2]. The
other evidences for the dark matter can be found in Refs.[3, 4]. Besides the gravitational
interaction, dark matter can take part in weak interaction[5–7]. To get the correct relic
density of dark matter, dark matter should be stable and live long[8]. People have paid
much attention to dark matter for many years, but they have not known its mass and
interaction property. The non-baryonic matter density is Ωh2 = 0.1186±0.0020 [9], and the
standard model(SM) can not explain this problem. It implies that there must be new physics
beyond the SM. From the present researches, axions, sterile neutrinos, weakly interacting
massive particles (WIMPs)[10] etc. could be dark matter candidates.
Considering the shortcoming of SM, physicists extend it and obtain a lot of extended
models. In these new models, the minimal supersymmetric standard model (MSSM)[11] is
the favorite one, where the lightest neutralino can be dark matter candidate[12]. Further-
more, MSSM is also extended, and its U(1) extensions are interesting[13, 14]. In this work,
we extend the MSSM with the U(1)X gauge group[15]. On the base of MSSM, we add three
right-handed neutrinos and three singlet Higgs superfields ηˆ, ˆ¯η, Sˆ. The right-handed neu-
trinos can not only give tiny masses to light neutrinos but also produce the lightest scalar
neutrino possessing dark matter character. Our U(1)X extension of MSSM is called as
U(1)XSSM[16, 17], which relieves the little hierarchy problem in the MSSM. In U(1)XSSM,
there are the terms µHˆuHˆd and λH SˆHˆuHˆd. Sˆ is the singlet Higgs superfield and possesses a
non-zero VEV (vS/
√
2). Therefore, U(1)XSSM has an effective µeff = µ+ λHvS/
√
2, which
can solve the µ problem in MSSM. The baryon number violating operators are avoided be-
cause the U(1)X gauge symmetry breaks spontaneously. Thus, the proton is stable. The
lightest CP-even Higgs mass at the tree level is improved, and the other Higgs can be heavy
at TeV order.
In our previous work[17], the lightest CP-even scalar neutrino is supposed as dark mat-
ter candidate. Its relic density and the cross section scattering from nucleus have been
researched in detail. Some works of scalar neutrino dark matter can be found in Refs.[18–
21]. Here, we study the lightest neutralino as dark matter candidate[22]. Many people have
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TABLE I: The U(1)XSSM superfields beyond MSSM
Superfields SU(3)C SU(2)L U(1)Y U(1)X
νˆi 1 1 0 -1/2
ηˆ 1 1 0 -1
ˆ¯η 1 1 0 1
Sˆ 1 1 0 0
studied the phenomenology of lightest neutralino in MSSM[12] and there are a lot of works
of neutralino dark matter in other extended models. They enrich the dark matter research
and give light to the direct research of dark matter.
After this introduction, some content of U(1)XSSM is introduced in section II. In section
III, we suppose the lightest neutralino as dark matter candidate and study its relic density.
The direct detection of the lightest neutralino scattering off nucleus is reseached in section
IV, which includes both the spin-independent cross section and spin-dependent cross section.
The numerical results of the relic density and cross sections of dark matter scattering are all
calculated in section V. We give our discussion and conclusion in section VI. Some formulae
are collected in the appendix.
II. THE U(1)XSSM
Extending the local gauge group from SU(3)C ⊗SU(2)L⊗U(1)Y to SU(3)C ⊗SU(2)L⊗
U(1)Y ⊗ U(1)X and adding three Higgs singlets ηˆ, ˆ¯η, Sˆ, right-handed neutrinos νˆi on the
base of MSSM, one can obtain U(1)XSSM[17]. The introduction of right-handed neutrinos
can accomodate the neutrino experiments. The mass squared matrix of CP-even Higgs is
5× 5, because the CP-even parts of η, η¯, S mix with the neutral CP-even parts of Hu, Hd.
We take into account the one loop corrections for the lightest CP-even Higgs with 125 GeV.
The condition is similar for the CP-odd Higgs, whose mass squared matrix is also 5 × 5.
The sneutrinos are departed into CP-even sneutrinos and CP-odd sneutrinos, whose mass
squared matrixes are both 6×6. Here, we show the U(1)X charges of the MSSM superfields:
Qˆi(0), uˆ
c
i(−12), dˆci(12), Lˆi(0), eˆci(12), Hˆu(12), Hˆd(−12). In table I, the superfields beyond MSSM
are collected in detail.
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The concrete forms of the Higgs superfields are
Hu =

 H
+
u
1√
2
(
vu +H
0
u + iP
0
u
)

 , Hd =


1√
2
(
vd +H
0
d + iP
0
d
)
H−d

 ,
η =
1√
2
(
vη + φ
0
η + iP
0
η
)
, η¯ =
1√
2
(
vη¯ + φ
0
η¯ + iP
0
η¯
)
,
S =
1√
2
(
vS + φ
0
S + iP
0
S
)
. (1)
vu and vd are the VEVs of the Higgs doublets Hu and Hd. While, vη, vη¯ and vS are the
VEVs of the Higgs singlets η, η¯ and S. The angles β and βη are defined as tan β = vu/vd
and tanβη = vη¯/vη.
The sneutrino fields ν˜L and ν˜R read as
ν˜L =
1√
2
φl +
i√
2
σl, ν˜R =
1√
2
φR +
i√
2
σR. (2)
We show the superpotential and the soft breaking terms in U(1)XSSM
W = lW Sˆ + µHˆuHˆd +MSSˆSˆ − YddˆqˆHˆd − YeeˆlˆHˆd + λH SˆHˆuHˆd
+λCSˆηˆˆ¯η +
κ
3
SˆSˆSˆ + YuuˆqˆHˆu + YX νˆ ˆ¯ηνˆ + Yν νˆ lˆHˆu.
Lsoft = LMSSMsoft − BSS2 − LSS −
Tκ
3
S3 − TλCSηη¯ + ǫijTλHSH idHju
−T IJX η¯ν˜∗IR ν˜∗JR + ǫijT IJν H iuν˜I∗R l˜Jj −m2η|η|2 −m2η¯|η¯|2 −m2SS2
−(m2ν˜R)IJ ν˜I∗R ν˜JR −
1
2
(
MXλ
2
X˜
+ 2MBB′λB˜λX˜
)
+ h.c. (3)
Here, LMSSMsoft represents the soft breaking terms of MSSM. Obviously, the U(1)XSSM is
more complicated than the MSSM. In our previous work, Y Y represents the U(1)Y charge
and Y X denotes the U(1)X charge. We have proven that U(1)XSSM is anomaly free, and
the details can be found in Ref.[17]. In U(1)XSSM, there are two Abelian groups U(1)Y
and U(1)X , which cause the gauge kinetic mixing. This effect is the characteristic beyond
MSSM and it can also be induced through RGEs.
We write the covariant derivatives of U(1)XSSM in the general form [23–25]
Dµ = ∂µ − i
(
Y Y , Y X
) gY , g
′
Y X
g
′
XY , g
′
X



 A
′Y
µ
A′Xµ

 , (4)
with A′Yµ (A
′X
µ ) denotes the gauge field of U(1)Y (U(1)X). Considering the fact that the two
Abelian gauge groups are unbroken, we change the basis through a correct matrix R [24, 25]
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and redefine the U(1) gauge fields

 gY , g
′
Y X
g
′
XY , g
′
X

RT =

 g1, gY X
0, gX

 , R

 A
′Y
µ
A′Xµ

 =

 A
Y
µ
AXµ

 . (5)
Different from MSSM, the U(1)XSSM gauge bosons A
X
µ , A
Y
µ and V
3
µ mix together at the
tree level. In the basis (AYµ , V
3
µ , A
X
µ ), the corresponding mass matrix reads as


1
8
g21v
2 − 1
8
g1g2v
2 1
8
g1gY Xv
2
−1
8
g1g2v
2 1
8
g22v
2 − 1
8
g2gY Xv
2
1
8
g1gY Xv
2 − 1
8
g2gY Xv
2 1
8
g2Y Xv
2 + 1
8
g2Xξ
2

 , (6)
with v2 = v2u + v
2
d and ξ
2 = v2η + v
2
η¯. One can diagonalize the above mass matrix by an
unitary matrix including two mixing angles θW and θ
′
W . θW is Weinberg angle and θ
′
W is
defined as
sin2 θ′W =
1
2
− (g
2
Y X − g21 − g22)v2 + 4g2Xξ2
2
√
(g2Y X + g
2
1 + g
2
2)
2v4 + 8g2X(g
2
Y X − g21 − g22)v2ξ2 + 16g4Xξ4
. (7)
The gauge bosons eigenvalues[24, 25] are obtained from diagonalizing Eq. (6)
m2γ = 0,
m2Z,Z′ =
1
8
(
(g21 + g
2
2 + g
2
Y X)v
2 + 4g2Xξ
2
∓
√
(g21 + g
2
2 + g
2
Y X)
2v4 + 8(g2Y X − g21 − g22)g2Xv2ξ2 + 16g4Xξ4
)
. (8)
In the base (νL, ν¯R), we deduce the neutrino mass matrix and diagonalize it by Zν
Mν =

 0
υu√
2
(Y Tν )
IJ
υu√
2
(Yν)
IJ
√
2υη¯(YX)
IJ

 , ZνMνZTν = diag(Mν) . (9)
The lightest neutralino is supposed as dark matter candidate, and we obtain the mass
matrix of neutralino in the basis (λB˜, W˜
0, H˜0d , H˜
0
u, λX˜ , η˜, ˜¯η, s˜). This is caused by the super
partners of the added three Higgs singlets and new gauge boson, which mix with the MSSM
neutralino superfields.
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Mχ˜0 =


M1 0 −g12 vd g12 vu MBB′ 0 0 0
0 M2
1
2
g2vd −12g2vu 0 0 0 0
−g1
2
vd
1
2
g2vd 0 mH˜0uH˜0d
mλ
X˜
H˜0
d
0 0 −λHvu√
2
g1
2
vu −12g2vu mH˜0dH˜0u 0 mλX˜H˜0u 0 0 −
λHvd√
2
MBB′ 0 mH˜0
d
λ
X˜
mH˜0uλX˜
MBL −gXvη gXvη¯ 0
0 0 0 0 −gXvη 0 1√2λCvS 1√2λCvη¯
0 0 0 0 gXvη¯
1√
2
λCvS 0
1√
2
λCvη
0 0 −λHvu√
2
−λHvd√
2
0 1√
2
λCvη¯
1√
2
λCvη ms˜s˜


, (10)
mH˜0
d
H˜0u
= − 1√
2
λHvS − µ, mH˜0
d
λ
X˜
= −1
2
(
gY X + gX
)
vd,
mH˜0uλX˜
=
1
2
(
gY X + gX
)
vu, ms˜s˜ = 2MS +
√
2κvS. (11)
This matrix is diagonalized by N
N∗Mχ˜0N
† = Mdiagχ˜0 . (12)
The couplings of neutralino and gauge bosons are χ0 − χ0 − Z, χ0 − χ0 − Z ′ and χ0 −
χ± −W±. Their concrete forms are shown as
Lχ0χ0Z = χ¯0i
{
− i
2
[(
g1 cos θ
′
W sin θW + g2 cos θW cos θ
′
W − (gY X + gX) sin θ′W
)
×(N∗j3Ni3 −N∗j4Ni4)− 2gX sin θ′W
(
N∗j6Ni6 −N∗j7Ni7
)]
γµPL
+
i
2
[(
g1 cos θ
′
W sin θW + g2 cos θW cos θ
′
W − (gY X + gX) sin θ′W
)
×(N∗i3Nj3 −N∗i4Nj4)− 2gX sin θ′W (N∗i6Nj6 −N∗i7Nj7)
]
γµPR
}
χ0jZ
µ, (13)
Lχ0χ0Z′ = χ¯0i
{ i
2
(
[(g1 sin θW + g2 cos θW ) sin θ
′
W + (gY X + gX) cos θ
′
W ]
×(N∗j3Ni3 −N∗j4Ni4) + 2gX cos θ′W (N∗j6Ni6 −N∗j7Ni7)
)
γµPL
− i
2
(
[(g1 sin θW + g2 cos θW ) sin θ
′
W + (gY X + gX) cos θ
′
W ]
×(N∗i3Nj3 −N∗i4Nj4) + 2gX cos θ′W (N∗i6Nj6 −N∗i7Nj7)
)
γµPR
}
χ0jZ
′µ, (14)
Lχ0χ±W = − i
2
χ¯+i
{
g2(2N
∗
j2Ui1 +
√
2N∗j3Ui2)γµPL
+g2(2V
∗
i1Nj2 −
√
2V ∗i2Nj4)γµPR
}
χ0jW
+µ. (15)
U and V are the rotation matrixes to diagonalize chargino mass matrix. The couplings
χ0 − χ0 − Z and χ0 − χ0 − Z ′ contribute to the self-annihilation, and the coupling χ0 −
6
χ± −W± gives correction to co-annihilation. We deduce the coupling of neutralino-lepton-
slepton(χ0 − l − L˜).
Lχ0lL˜ = χ¯0i
{
i
( 1√
2
(g1N
∗
i1 + g2N
∗
i2 + gY XN
∗
i5)Z
E
kj −N∗i3Ye,jZEk3+j
)
PL
−i
( 1√
2
ZEk3+j[2g1Ni1 + (2gY X + gX)Ni5] + Y
∗
e,jZ
E
kjNi3
)
PR
}
ejL˜k. (16)
ZE is used to diagonalize the mass squared matrix of slepton. To save space in the text,
other used couplings are collected in the appendix.
III. RELIC DENSITY
Supposing the lightest neutralino(χ01) as dark matter candidate, we calculate the relic
density. The constraint of dark matter relic density is severe, and the concrete value is
ΩDh
2 = 0.1186 ± 0.0020 [9]. The χ01 number density nχ0
1
should satisfy the Boltzmann
equation [26, 27]
dnχ0
1
dt
= −3Hnχ0
1
− 〈σv〉SA(n2χ0
1
− n2χ0
1
eq)− 〈σv〉CA(nχ01nφ − nχ01eqnφeq). (17)
For χ01, we take into account self-annihilation and co-annihilation with another particle
φ. At the temperature TF , the annihilation rate of χ
0
1 is approximately equal to the Hubble
expansion rate, and the lightest neutralino freezes out. We suppose χ01 is the lightest SUSY
particle(LSP) and mφ is larger than mχ0
1
. The relevant formulae are [28]
〈σv〉SAnχ0
1
+ 〈σv〉CAnφ ∼ H(TF ),
nφ =
( mφ
mχ0
1
)3/2
Exp[(mχ0
1
−mφ)/T ]nχ0
1
,
[
〈σv〉SA + 〈σv〉CA
( mφ
mχ0
1
)3/2
Exp[(mχ0
1
−mφ)/T ]
]
nχ0
1
∼ H(TF ). (18)
After we deduce the self-annihilation cross section σ(χ01χ
0
1 → anything) and co-
annihilation cross section σ(χ01φ → anything), 〈σv〉SA and 〈σv〉CA are gotten. The anni-
hilation results can be written as σvrel = a + bv
2
rel in the mass center frame. Here, vrel is
the relative velocity of the two particles in the initial states. Using the following formula,
we can approximately calculate the freeze-out temperature (TF )[12, 27, 29]
xF =
mD
TF
≃ ln[0.076MP lmD(a + 6b/xF )√
g∗xF
], (19)
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with MP l denoting the Planck mass. mD represents dark matter mass, and in this case mD
is equal to mχ0
1
.
The relativistic degrees of freedom with mass less than TF is represented by g∗. The cold
non-baryonic dark matter density is simplified in the following form[1, 8, 27, 30].
ΩDh
2 ≃ 1.07× 10
9xF√
g∗MPL(a + 3b/xF ) GeV
. (20)
It is well known that, the self-annihilation processes are dominant in general condition.
We show the researched concrete self-annihilation processes: χ01 + χ
0
1 → A + B, A and B
represent final states (Z, h), (W, W ), (Z, Z), (h, h), (u¯i, ui), (d¯i, di), (l¯i, li), (ν¯i, νi).
Here i = 1, 2, 3 and h represents the lightest CP-even Higgs. The neutrinos in final state
are just three light neutrinos not including heavy neutrinos.
For co-annihilation processes, if the mass of another particle is almost equal to the mass of
χ01, they give considerable contributions to the annihilation cross section. The co-annihilation
processes in the U(1)XSSM are collected in the following.
a. The lightest neutralino χ01 annihilates with heavier neutralinos χ
0
k(k = 2 . . . 8), whose
final states are same as those produced by self-annihilation processes.
b. χ01 + χ
− → {(ν, l−), (u¯, d), (W−, Z), (W−, γ), (W−, h0)}. The corresponding processes
are obtained by the charge conjugate transformation.
c. χ01 + L˜
− → {(γ, l−), (Z, l−), (h0, l−)}. Similar as the condition b, condition c also has
charge conjugate processes.
d. χ01 + ν˜
R(ν˜I)→
{
(ν, Z), (l−,W+), (l+,W−)
}
.
Because the scalar quarks are much heavier than χ01, their contributions to the co-
annihilation are neglected.
IV. DIRECT DETECTION
The experimental constraints on the direct detection of dark matter become more and
more strictly. The lightest neutralino scatters off nucleus, and the process is χ01+q → χ01+q.
The exchanged particles can be CP-even Higgs H0j , CP-odd Higgs A
0
j , gauge bosons Z, Z
′.
For the CP-odd Higgs A0j contribution, there are two suppression factors: 1. The Yukawa
coupling Yq of light quark; 2. The operators χ¯
0
1χ
0
1q¯γ5q and χ¯
0
1γ5χ
0
1q¯γ5q are suppressed by
the factors q2 and q4 respectively[31]. Therefore, we neglect the CP-odd Higgs contribution.
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Because neutralino is Majorana particle, the operator χ¯01γµχ
0
1q¯γ
µq disappears. The dominant
operators at quark level are χ¯01χ
0
1q¯q and χ¯
0
1γµγ5χ
0
1q¯γ
µγ5q obtained from CP-even Higgs and
vector bosons Z, Z ′ contributions[31].
The quark level operators should be converted to the effective nucleus operators. To
convert the operator χ¯01χ
0
1q¯q, we use the following formulae[31]
aqmq q¯q → fNmNN¯N, 〈N |mq q¯q|N〉 = mNf (N)Tq ,
fN =
∑
q=u,d,s
f
(N)
Tq aq +
2
27
f
(N)
TG
∑
q=c,b,t
aq, f
(N)
TG = 1−
∑
q=u,d,s
f
(N)
Tq . (21)
Integrating out heavy quark loops, the coupling to gluons is induced, which is included
in fN . We show the values of the parameters f
(N)
Tq [32],
f
(p)
Tu = 0.0153, f
(p)
Td = 0.0191, f
(p)
Ts = 0.0447,
f
(n)
Tu = 0.0110, f
(n)
Td = 0.0273, f
(n)
Ts = 0.0447. (22)
χ¯01γµγ5χ
0
1q¯γ
µγ5q is a spin-dependent operator, which is converted to the effective nucleus
operator with the following formulae.
dq q¯γ
µγ5q → aN N¯s(N)µ N, 〈N |q¯γµγ5q|N〉 = s(N)µ ∆q(N), aN =
∑
u,d,s
dq∆q
(N), (23)
with s(N)µ denoting the spin of nucleus. In the numerical calculation, we use the parameters
of DarkSUSY
∆u(p) = ∆d(n) = 0.77, ∆d(p) = ∆u(n) = −0.47, ∆s(p) = ∆s(p) = −0.15. (24)
For the spin-independent operator χ¯01χ
0
1q¯q, the scattering cross section reads as[31]
σ =
1
π
µˆ2[Zpfp + (A− Zp)fn]2, (25)
with Zp denoting the number of proton, and A representing the number of atom.
The scattering cross section for the spin-dependent operator χ¯01γµγ5χ
0
1q¯γ
µγ5q is shown as
[31]
σ =
16
π
µˆ2a2NJN(JN + 1), (26)
with JN is the number of angular momentum for the nucleus. The corresponding formula
for one nucleon is
σ =
12
π
µˆ2a2N . (27)
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V. NUMERICAL RESULTS
To study the numerical results, we should take into account the experimental constraints.
One strict constraint from experiment is the mass(125 GeV)[33] of the lightest CP-even
Higgs. Z ′ boson mass constraint is also important. The mass bounds for MZ′ from LHC are
more severe than the limits from the low energy data. In the Sequential Standard Model,
the lower mass limit of Z ′SSM is 4.5 TeV at 95% confidence level(CL). The Lower mass limits
of the Z ′ boson in the left-right symmetric model and the (B-L) model [34] are respectively
4.1 TeV and 4.2 TeV. The upper bound on the ratio between MZ′ and its gauge coupling is
MZ′/gX ≥ 6 TeV at 99% CL[35, 36]. Considering the LHC experimental data, tan βη should
be smaller than 1.5 [37]. As discussed in the PDG, the constraints for supersymmetric
particles are also necessary[9]. We take into account the above constraints and choose the
parameters to satisfy the relation MZ′ > 4.5 TeV[17]. The reason is that the quoted number
are valid in other models and do not apply directly.
Therefore, we use the following parameters
MS = 2.7 TeV, Tκ = 1.6 TeV, gY X = 0.2, gX = 0.3, λC = −0.08, λH = 0.1,
υη = 15.5× cos βη TeV, υη¯ = 15.5× sin βη TeV, YX11 = YX22 = 0.5, YX33 = 0.4,
TλH = 0.3 TeV, TX11 = TX22 = TX33 = −1 TeV, Te11 = Te22 = Te33 = −3 TeV,
κ = 1, TλC = −0.1 TeV, M2U11 =M2U22 = 10 TeV2, M2Q33 =M2U33 = 3.5 TeV2,
lW = 4 TeV
2, M2ν11 = M
2
ν22 = M
2
ν33 = 0.5 TeV
2, Tu11 = Tu22 = Tu33 = −2 TeV,
Td12 = Td21 = 0.2 TeV, M
2
L11 =M
2
L22 =M
2
L33 = 1.9 TeV
2, Bµ = BS = m
2
S = 1 TeV
2,
M2E11 =M
2
E22 = M
2
E33 = 3.54 TeV
2, tan βη = 0.8, Tν11 = Tν22 = Tν33 = 0.5 TeV. (28)
To simplify the numerical discussion, most of the parameters Tν , TX , Tu etc. are supposed
as diagonal matrices and we use the supposition
M2D11 = M
2
D22 = M
2
D33 =M
2
D, Td11 = Td22 = Td33 = Td. (29)
A. The relic density of neutralino dark matter
With the supposition that the lightest neutralino χ01 is LSP, we research the relic density
of χ01. In this subsection, we take the parameters as M
2
Q11 = M
2
Q22 = M
2
D = 10TeV
2 and
Td = 1TeV.
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M1 is the mass of U(1)Y gaugino and appears in the neutralino mass matrix. Therefore,
M1 can affect neutralino masses and mixing to some extent. In the Fig.1, we plot the
relic density in the banded gray area with ±3σ sensitivity. The relic density versus M1 is
represented by solid line(M2 = 1TeV) and dotted line(M2 = 2TeV) with the parameters
MBL = 1TeV, tan β = 9, µ = 0.5TeV and MBB′ = 0.4TeV. It is obvious that both the
solid line and the dotted line versus M1 vary slowly in the region [400, 1800] GeV. The
both lines are in the ±3σ band. At the point M1 = 1200 GeV, the relic density is very near
its central value, which can well satisfy the experiment constraint. Generally speaking, the
two lines are very close to each other. With the used parameters, the mass of the lightest
neutralino χ01 is around 300 GeV, and the other SUSY particles are all much heavier than
χ01. So, the self-annihilation processes are dominant. That is to say, the contributions from
the co-annihilation processes are tiny. Because the masses of exchanged virtual particles are
not near twice of χ01 mass(2 ∗ mχ0
1
), the resonance annihilation strongly affecting the relic
density can not take place.
In this parameter space, the masses of some SUSY particles that can co-annihilate with
the lightest neutralino are collected here: the second light neutralino mass mχ0
2
∼ 800GeV,
the lightest scalar neutrino mass (CP-even and CP-odd) mν˜ ∼ 1600GeV, the lightest scalar
lepton mass mL˜1 ∼ 880GeV, the lightest chargino mass mχ±1 ∼ 780GeV, the lightest scalar
quark mass mq˜1 ∼ 1800GeV.
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FIG. 1: The relic density ΩDh
2 versus M1 is plotted by the solid line (dotted line) with M2 =
1(2)TeV.
MBB′ is the mass of the U(1)Y and U(1)X gaugino mixing and presents in the mass matrix
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of neutralino, which can affect the relic density through the mixing matrix. Here, we use
the parameters as M1 = 1.2TeV, M2 = 1TeV, MBL = 1TeV, tan β = 9. In the Fig.2, the
numerical results of the relic density versus MBB′ are shown by the solid line(µ = 0.5 TeV)
and dotted line(µ = 0.4 TeV) respectively. The solid line is above the dotted line. When
MBB′ is near zero, ΩDh
2 can not satisfy the experimental constraint. The numerical results
of ΩDh
2 corresponding to MBB′ regions [-500, -300]GeV and [300, 500] GeV are better.
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FIG. 2: The relic density ΩDh
2 versusMBB′ is plotted by the solid line (dotted line) µ=0.5(0.4)TeV.
MBL is the mass of the new gaugino, and it has influence on the mass matrix of neutralino.
Therefore, MBL can have considerable effect on the relic density. With the parameters
M1 = 1.2TeV, M2 = 1TeV, µ = 0.5TeV, MBB′ = 0.4TeV, we plot the relic density versus
MBL in the Fig.3. The solid line corresponds to tanβ = 9, and the dotted line corresponds
to tan β = 5. Both the solid line and the dotted line become small with the increasing MBL,
and they possess similar behavior. For the both lines, the best point is around MBL = 1000
GeV. As MBL < 800 GeV or MBL > 1150 GeV, the obtained numerical results of ΩDh
2
exceed the experimental data.
B. The cross section of neutralino scattering off nucleus
In this subsection, the cross section of the lightest neutralino scattering off nucleus
is numerically researched with the parameters M1 = 1.2TeV, M2 = 1TeV, MBL =
1TeV, tan β = 9, µ = 0.5TeV, MBB′ = 0.4TeV, taking into account of the constraint
from the relic density. Both the spin-independent cross section and spin-dependent cross
12
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FIG. 3: The relic density ΩDh
2 versus MBL is plotted by the solid line (dotted line) tan β=9(5).
section are studied here.
In our used parameter space, the mass of the lightest neutralino is about 300 GeV. For
dark matter mass ∼ 300 GeV, the corresponding experimental limit on spin-independent
direct detection is about 2.3 × 10−46 cm2 for Xenon in 1σ sensitivity. While, it is about
twice as large for PandaX [38, 39]. The experimental constraint on spin-independent cross
section is much more severe than spin-dependent case. The direct detection experimental
limit on spin-dependent cross section is about 4.0×10−41 cm2 for Xenon1T experiment. The
corresponding constraint is around 1.4× 10−40 cm2 for PandaX-II[32, 38].
To simplify the discussion, we suppose M2Q11 = M
2
Q22 = M
2
Q. At first, the spin-
independent cross section is researched with the parameters M2Q = 10 TeV
2. Td is in the
non-diagonal element of the mass squared matrix for scalar down type quarks. Therefore,
Td should influence the scattering cross section. In the Fig.4, the numerical results of the
spin-independent cross section versus Td are plotted by the solid line(M
2
D = 6TeV
2) and
dotted line (M2D = 5TeV
2). Generally speaking, the lines are at the order of 10−47 cm2,
which are about one order smaller than the experimental bound.
Secondly, we calculate the spin-dependent cross section as Td = 1TeV. M
2
Q are the
important diagonal elements in the mass squared matrixes of scalar quarks, and they can
strongly affect the masses of scalar quarks. In the Fig.5, the numerical results of spin-
dependent cross section versus M2Q are represented by the solid line (dotted line) with
M2D = 10TeV
2 (5TeV2). The dotted line is above the solid line. With the same M2Q in the
region(3.0×106GeV2 ∼ 3.0×107GeV2), the values of the dotted line are about 2×10−44cm2
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FIG. 4: The spin-independent cross section versus Td, the solid line corresponds to M
2
D=6TeV
2
and the dotted line corresponds to M2D=5 TeV
2.
larger than the values of the solid line. The spin-dependent cross section is about three
orders smaller than the experimental bounds.
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FIG. 5: The spin-dependent cross section versus M2Q is plotted by the solid line (dotted line) with
M2D = 10(5)TeV
2.
VI. DISCUSSION AND CONCLUSION
As discussed in MSSM, the lightest neutralino is studied in detail as dark matter can-
didate. We extend MSSM with the U(1)X local gauge group and obtain the so called
U(1)XSSM. In the U(1)XSSM, there are several superfields beyond MSSM, such as right-
handed neutrinos, three singlet Higgs superfields ηˆ, ˆ¯η, Sˆ. U(1)XSSM has richer phenomenol-
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ogy than MSSM. In principle, both the lightest sneutrino and the lightest neutralino can
be dark matter candidates in U(1)XSSM. Supposing the lightest CP-even sneutrino as LSP
and dark matter candidate, we research its relic density and the scattering cross section off
nucleus in our previous work[17]. To supplement the scalar neutrino condition, we research
the lightest neutralino as dark matter candidate in this work.
In calculating the relic density of χ01, we consider the self-annihilation and co-annihilation
processes. In our used parameter space, the masses of the SUSY particles except χ01 are all
heavier enough than the mass of χ01. Therefore, self-annihilation processes are dominant and
co-annihilation processes are suppressed strongly by the exponential function. In the whole,
this is the general condition. The resonance annihilation does not take place, because the
masses of the exchanged virtual particles are not near 2 ∗mχ0
1
. From our numerical results,
we find that MBB′ and MBL in the neutralino mass matrix are sensitive parameters for
the relic density. The reason is that both MBB′ and MBL affect neutralino mixing. The
obtained numerical results can well satisfy the experimental constraints from the relic density
of dark matter. The cross section of the lightest neutralino(χ01) scattering off nucleus are
also calculated in this work. The spin-independent and spin-dependent cross sections are at
least one order smaller than their experimental constraints. This work makes up for the dark
matter research[17], where the lightest CP-even scalar neutrino is studied as dark matter.
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Appendix A: the mass matrix
In this appendix, we show the mass matrixes of some particles. The mass squared matrix
of CP-even Higgs is shown in the basis (φd, φu, φη, φη¯, φs)
m2h =


mφdφd mφuφd mφηφd mφη¯φd mφsφd
mφdφu mφuφu mφηφu mφη¯φu mφsφu
mφdφη mφuφη mφηφη mφη¯φη mφsφη
mφdφη¯ mφuφη¯ mφηφη¯ mφη¯φη¯ mφsφη¯
mφdφs mφuφs mφηφs mφη¯φs mφsφs


, (A1)
with
mφdφd = m
2
Hd
+ |µ|2 + 1
8
(
[g21 + (gX + gY X)
2 + g22](3v
2
d − v2u)
+2(gY XgX + g
2
X)(v
2
η − v2η¯)
)
+
√
2vSµλH +
1
2
(v2u + v
2
S)|λH|2,
mφdφu = −
1
4
(
g22 + (gY X + gX)
2 + g21
)
vdvu + |λH |2vdvu − λH lW
−1
2
λH(vηvη¯λC + v
2
Sκ)−Bµ −
√
2vS(
1
2
TλH +MSλH),
mφuφu = m
2
Hu + |µ|2 +
1
8
(
[g21 + (gX + gY X)
2 + g22](3v
2
u − v2d)
+2(gY XgX + g
2
X)(v
2
η¯ − v2η)
)
+
√
2vSµλH +
1
2
(v2d + v
2
S)|λH|2,
mφdφη =
1
2
gX(gY X + gX)vdvη − 1
2
vuvη¯λHλC ,
mφuφη = −
1
2
gX(gY X + gX)vuvη − 1
2
vdvη¯λHλC ,
mφηφη = m
2
η +
1
4
(
(gY XgX + g
2
X)(v
2
d − v2u) + 2g2X(3v2η − v2η¯)
)
+
|λC |2
2
(v2η¯ + v
2
S),
mφdφη¯ = −
1
2
gX(gY X + gX)vdvη¯ − 1
2
vuvηλHλC ,
mφuφη¯ =
1
2
gX(gY X + gX)vuvη¯ − 1
2
vdvηλHλC ,
mφηφη¯ =
λC
2
(2lW − λHvdvu) + (|λC|2 − g2X)vηvη¯ +
vS√
2
(2MSλC + TλC ) +
v2S
2
λCκ,
mφη¯φη¯ = m
2
η¯ +
1
4
(
(gY XgX + g
2
X)(v
2
u − v2d) + 2g2X(3v2η¯ − v2η)
)
+
|λC |2
2
(
v2η + v
2
S
)
,
mφdφs =
(
λHvdvS +
√
2vdµ− vu(κvS +
√
2MS)
)
λH − 1√
2
vuTλH ,
mφuφs =
(
λHvuvS +
√
2vuµ− vd(κvS +
√
2MS)
)
λH − 1√
2
vdTλH ,
mφηφs =
(
λCvηvS + vη¯(κvS +
√
2MS)
)
λC +
1√
2
vη¯TλC ,
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mφη¯φs =
(
λCvη¯vS + vη(κvS +
√
2MS)
)
λC +
1√
2
vηTλC ,
mφsφs = m
2
S +
(
2lW + 3vS(κvS + 2
√
2MS) + λCvηvη¯ − λHvdvu
)
κ
+
1
2
|λC |2ξ2 + 1
2
|λH |2v2 + 2BS + 4|MS|2 +
√
2vSTκ. (A2)
m2A0 =


mσdσd mσuσd mσησd mση¯σd mσsσd
mσdσu mσuσu mσησu mση¯σu mσsσu
mσdση mσuση mσηση mση¯ση mσsση
mσdση¯ mσuση¯ mσηση¯ mση¯ση¯ mσsση¯
mσdσs mσuσs mσησs mση¯σs mσsσs


. (A3)
Eq.(A3) denotes the CP-odd Higgs mass squared matrix and the elements are
mσdσd = m
2
Hd
+ |µ|2 + 1
8
(
[g21 + (gX + gY X)
2 + g22](v
2
d − v2u)
+2(gY XgX + g
2
X)(v
2
η − v2η¯)
)
+
√
2vSµλH +
1
2
(v2u + v
2
S)|λH |2,
mσdσu =
(
(
√
2MSvS + lW ) +
1
2
κv2S +
1
2
λCvηvη¯
)
λH +Bµ +
1√
2
vSTλH ,
mσuσu = m
2
Hu + |µ|2 +
1
8
(
[g21 + (gX + gY X)
2 + g22](v
2
u − v2d)
+2(gY XgX + g
2
X)(v
2
η¯ − v2η)
)
+
√
2vSµλH +
1
2
(v2d + v
2
S)|λH |2,
mσηση = m
2
η +
1
4
(
(gY XgX + g
2
X)(v
2
d − v2u) + 2g2X(v2η − v2η¯)
)
+
1
2
(v2η¯ + v
2
S)|λC |2,
mσηση¯ =
1
2
(
(−2lW + λHvdvu)λC −
√
2vS(2MSλC + TλC )− v2SλCκ
)
,
mση¯ση¯ = m
2
η¯ +
1
4
(
(gY XgX + g
2
X)(v
2
u − v2d) + 2g2X(v2η¯ − v2η)
)
+
1
2
(v2η + v
2
S)|λC |2,
mσdσs = −vu
(
(κvS +
√
2MS)λH − 1√
2
TλH
)
, mσdση = −
1
2
vuvη¯λHλC ,
mσuσs = −vd
(
(κvS +
√
2MS)λH − 1√
2
TλH
)
, mσuση = −
1
2
vdvη¯λHλC ,
mσησs = vη¯
(
(κvS +
√
2MS)λC − 1√
2
TλC
)
, mσdση¯ = −
1
2
vuvηλHλC ,
mση¯σs = vη
(
(κvS +
√
2MS)λC − 1√
2
TλC
)
, mσuση¯ = −
1
2
vdvηλHλC ,
mσsσs = m
2
S + 4|MS|2 + (κv2S − 2lW − λCvηvη¯ + λHvdvu)κ− 2BS
+
1
2
|λC |2ξ2 + 1
2
|λH|2v2 +
√
2vS(2MSκ− Tκ). (A4)
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The slepton mass squared matrixm2e˜ in the basis (e˜L, e˜R) is shown here, which is diagonalized
by ZE through the formula ZEm2e˜Z
E,† = mdiag2,e˜ ,
m2e˜ =

 me˜Le˜∗L
1
2
(√
2vdT
†
e − vu
(
λHxS +
√
2µ
)
Y †e
)
1
2
(√
2vdTe − vuYe
(√
2µ∗ + xSλ∗H
))
me˜Re˜∗R

 . (A5)
me˜Le˜∗L = m
2
l˜
+
v2d − v2u
8
(g21 + g
2
Y X + gY XgX − g22) +
v2η − v2η¯
4
gY XgX +
v2d
2
Y †e Ye,
me˜R e˜∗R = m
2
e˜ −
1
8
(
[2(g21 + g
2
Y X) + 3gY XgX + g
2
X ](v
2
d − v2u)
+(4gY XgX + 2g
2
X)(v
2
η − v2η¯)
)
+
1
2
v2dYeY
†
e . (A6)
We deduce the mass squared matrix for CP-even sneutrino in the base (φl, φr)
M2ν˜R =

 mφlφl m
T
φrφl
mφlφr mφrφr

 , (A7)
mφlφl = (g
2
1 + g
2
Y X + g
2
2 + gY XgX)
v2d − v2u
8
+ gY XgX
v2η − v2η¯
4
+
v2u
2
Y Tν Yν +m
2
L˜
,
mφlφr =
1√
2
vuTν + vuvη¯YXYν − 1
2
vd(λHvS +
√
2µ)Yν,
mφrφr =
1
8
(
(gY XgX + g
2
X)(v
2
d − v2u) + 2g2X(v2η − v2η¯)
)
+ vηvSYXλC
+m2ν˜ +
1
2
v2u|Yν|2 + vη¯(2vη¯YXYX +
√
2TX). (A8)
ZR is used to diagonalize M2ν˜R .
The mass squared matrix for CP-odd sneutrino (σl, σr) reads as
M2ν˜I =

 mσlσl m
T
σrσl
mσlσr mσrσr

 , (A9)
mσlσl =
1
8
(
(g21 + g
2
Y X + g
2
2 + gY XgX)(v
2
d − v2u) + 2gY XgX(v2η − v2η¯)
)
+
1
2
v2uY
T
ν Yν +m
2
L˜, (A10)
mσlσr =
1√
2
vuTν − vuvη¯YXYν − 1
2
vd(λHvS +
√
2µ)Yν, (A11)
mσrσr =
1
8
(
(gY XgX + g
2
X)(v
2
d − v2u) + 2g2X(v2η − v2η¯)
)
− vηvSYXλC
+m2ν˜ +
1
2
v2u|Yν|2 + vη¯(2vη¯YXYX −
√
2TX). (A12)
we diagonalize M2ν˜I by Z
I .
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Appendix B: The coupling
Here, we show the needed couplings in this model. The vertexes ofH−H−H, H−W−W
and H − Z − Z are collected here
LHHH = iHiHj
{
(
1
4
g21 +
1
4
g2Y X +
1
4
g22 +
1
2
gY XgX +
1
4
g2X − λ2H)[vu〈112〉 + vd〈122〉]
−(3
4
g21 +
3
4
g2Y X +
3
4
g22 +
3
2
gY XgX +
3
4
g2X)[vu〈111〉 + vd〈222〉] +
1
2
(gY XgX + g
2
X)
×
[
vη¯(〈114〉 + 〈224〉) − vη(〈113〉 + 〈223〉) + vu(〈233〉 + 〈244〉) − vd(〈133〉 + 〈144〉)
]
−(vSλ2H +
√
2µλH)(〈115〉 + 〈225〉) + (λHvSκ+
√
2MSλH +
1√
2
TλH )〈125〉
−(λCvSκ+
√
2MSλC +
1√
2
TλC )〈345〉 +
1
2
λHλC
[
vη¯〈123〉 + vη〈124〉 + vu〈134〉
+vd〈234〉
]
+ (λHvuκ− vdλ2H)〈155〉 + (λHvdκ− vuλ2H)〈255〉 − 3g2X(vη〈333〉 + vη¯〈444〉)
+(g2X − λ2C)(vη〈344〉 + vη¯〈334〉) − vSλ2C(〈335〉 + 〈445〉) − (λ2Cvη + λCvη¯κ)〈355〉
−(λ2Cvη¯ + λCvηκ)〈455〉 − (6vSκ2 + 6
√
2MSκ+
√
2Tκ)〈555〉
}
Hk,
LHWW = HiWµ
( i
2
g22(vdZ
H
i1 + vuZ
H
i2 )g
σµ
)
W ∗σ ,
LHZZ = HiZµ
{ i
2
[(
g1 cos θ
′
W sin θW + g2 cos θ
′
W cos θW − gY XgX sin θ′W
)2
×(vdZHi1 + vuZHi2 ) + 4(gX sin θ′W )2(vη¯ZHi4 + vηZHi3 )
]
gσµ
}
Z∗σ. (B1)
The shorthand notations of 〈ααα〉, 〈ααβ〉 and 〈αβγ〉 are
〈ααα〉 = ZHiαZHjαZHkα, 〈ααβ〉 = ZHiαZHjαZHkβ + ZHiαZHjβZHkα + ZHiβZHjαZHkα, (α 6= β),
〈αβγ〉 = ZHiαZHjγZHkβ + ZHiγZHjαZHkβ + ZHiαZHjβZHkγ + ZHiγZHjβZHkα + ZHiβZHjαZHkγ
+ZHiβZ
H
jγZ
H
kα, (α 6= β 6= γ). (B2)
The coupling of neutralino-neutralino-CP-even Higgs(χ0 − χ0 −H) is
Lχ0χ0H = χ¯0i
{ i
2
[(
2gX(N
∗
i6N
∗
j5 +N
∗
i5N
∗
j6)−
√
2λC(N
∗
i8N
∗
j7 +N
∗
i7N
∗
j8)
)
ZHk3
+
(
N∗i3[g1N
∗
j1 − g2N∗j2 + (gY X + gX)N∗j5] +N∗j3[g1N∗i1 − g2N∗i2 + (gY X + gX)N∗i5]
+
√
2λH(N
∗
i8N
∗
j4 +N
∗
i4N
∗
j8)
)
ZHk1 +
(
N∗i4(g2N
∗
j2 − gY XN∗j5 − gXN∗j5 − g1N∗j1)
+N∗j4(g2N
∗
i2 − gY XN∗i5 − gXN∗i5 − g1N∗i1) +
√
2λH(N
∗
i8N
∗
j3 +N
∗
i3N
∗
j8)
)
ZHk2
+
(√
2λH(N
∗
i4N
∗
j3 +N
∗
i3N
∗
j4)− 2
√
2κN∗i8N
∗
j8 −
√
2λC(N
∗
i7N
∗
j6 +N
∗
i6N
∗
j7)
)
ZHk5
−
(
2gX(N
∗
i7N
∗
j5 +N
∗
i5N
∗
j7) +
√
2λC(N
∗
i8N
∗
j6 +N
∗
i6N
∗
j8)
)
ZHk4
]
PL
+
i
2
[
ZHk5
(√
2λ∗H(Ni4Nj3 +Ni3Nj4)−
√
2λ∗C(Ni7Nj6 +Ni6Nj7)− 2
√
2κ∗Ni8Nj8
)
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+
(
Nj3[g1Ni1 − g2Ni2 + (gY X + gX)Ni5] +Ni3[g1Nj1 − g2Nj2 + (gY X + gX)Nj5]
+
√
2λ∗H(Ni8Nj4 +Ni4Nj8)
)
ZHk1 − ZHk2
(
[g1Ni1 − g2Ni2 + (gY X + gX)Ni5]Nj4
+Ni4[g1Nj1 − g2Nj2 + (gY X + gX)Nj5]−
√
2λ∗H(Ni3Nj8 +Ni8Nj3)
)
−ZHk4
(√
2λ∗C(Ni8Nj6 +Ni6Nj8) + 2gX(Ni7Nj5 +Ni5Nj7)
)
+ZHk3
(
2gX(Ni5Nj6 +Ni6Nj5)−
√
2λ∗C(Ni8Nj7 +Ni7Nj8)
)]
PR
}
χ0jHk (B3)
The concrete form of neutalino-chargino-charged Higgs coupling (χ0 − χ± −H±) is
Lχ0χ±H± = χ¯+i
{ i
2
[
− V ∗i2
(
2λHN
∗
j8Z
+
k1 +
√
2[g1 + g2N
∗
j2 + (gY X + gX)N
∗
j5]Z
+
k2
)
−2g2V ∗i1N∗j4Z+k2
]
PL +
i
2
[
− 2g2Ui1Nj3Z+k1 + Ui2
(
− 2λ∗HNj8Z+k2
+
√
2[g1Nj1 + g2Nj2 + (gX + gY X)Nj5]Z
+
k1
)]
PR
}
χ0jH
+
k . (B4)
Neutralinos interact with neutrinos and sneutrinos in the following form
L
χ0νν˜I
= χ¯0i
{1
2
3∑
a=1
(
−
√
2N∗i7
3∑
b=1
Yx,ab(Z
I,∗
k3+bU
V,∗
j3+a + U
V,∗
j3+bZ
I,∗
k3+a)
+(gY XN
∗
i5 − g2N∗i2 +N∗i1g1)UV,∗ja ZI,∗ka − gXN∗i5UV,∗j3+aZI,∗k3+a
)
PL
+
1
2
3∑
a=1
(√
2
3∑
b=1
(
ZI,∗k3+bU
V
j3+a + Z
I,∗
k3+aU
V
j3+b
)
Y ∗x,abNi7
+ZI,∗k3+aU
V
j3+agXNi5 − ZI,∗ka UVja
(
g1Ni1 − g2Ni2 + gY XNi5
))
PR
}
νj ν˜
I
k , (B5)
L
χ0νν˜R
= χ¯0i
{ i
2
3∑
a=1
(
−
√
2N∗i7
3∑
b=1
Yx,ab(Z
R,∗
k3+bU
V,∗
j3+a + U
V,∗
j3+bZ
R,∗
k3+a)
+(gY XN
∗
i5 − g2N∗i2 +N∗i1g1)UV,∗ja ZR,∗ka + gXN∗i5UV,∗j3+aZR,∗k3+a
)
PL
+
i
2
3∑
a=1
(
−
√
2
3∑
b=1
(ZR,∗k3+bU
V
j3+a + Z
R,∗
k3+aU
V
j3+b)Ni7Y
∗
x,ab
+ZR,∗ka U
V
ja(g1Ni1 − g2Ni2 + gY XNi5) + ZR,∗k3+aUVj3+agXNi5
)
PR
}
νj ν˜
R
k . (B6)
There are also neutralino-quark-squark couplings
Lχ0dD˜ = −
i
6
χ¯0i
{(√
2(g1N
∗
i1 − 3g2N∗i2 + gY XN∗i5)ZDkj + 6N∗i3Yd,jZDk3+j
)
PL
+
(
6Y ∗d,jZ
D
kjNi3 +
√
2ZDk3+j[2g1Ni1 + (2gY X + 3gX)Ni5]
)
PR
}
djD˜
∗
k, (B7)
Lχ0uU˜ = −
i
6
χ¯0i
{(√
2(g1N
∗
i1 + 3g2N
∗
i2 + gY XN
∗
i5)Z
U
kj + 6N
∗
i4Yu,jZ
U
k3+j
)
PL
−
(√
2ZUk3+j
(
(3gX + 4gY X)Ni5 + 4g1Ni1 − 6Y ∗u,jZUkjNi4
))
PR
}
ujU˜
∗
k . (B8)
Other used couplings are shown as
LZdd = d¯
[( i
6
(3g2 cos θW cos θ
′
W + g1 sin θW cos θ
′
W − gY X sin θ′W )γµPL
20
− i
6
(2g1 sin θW cos θ
′
W − (2gY X + 3gX) sin θ′W )γµPR
]
d Zµ,
LZ′dd = d¯
[
− i
6
(3g2 cos θW sin θ
′
W + g1 sin θW sin θ
′
W + gY X cos θ
′
W )γµPL
+
i
6
[2g1 sin θW sin θ
′
W + (2gY X + 3gX) cos θ
′
W ]γµPR
]
d Z ′µ,
LZll = l¯
{ i
2
(−g1 sin θW cos θ′W + g2 cos θW cos θ′W + gY X sin θ′W )γµPL
− i
2
(2g1 sin θW cos θ
′
W − (2gY X + gX) sin θ′W )γµPR
}
lZµ,
LZ′ll = l¯
{ i
2
(g1 sin θW sin θ
′
W − g2 cos θW sin θ′W + gY X cos θ′W )γµPL
+
i
2
(2g1 sin θW sin θ
′
W + (2gY X + gX) cos θ
′
W )γµPR
}
lZ ′µ,
LZuu = u¯
{
− i
6
(3g2 cos θW cos θ
′
W − g1 sin θW cos θ′W + gY X sin θ′W )γµPL
+
i
6
[−(4gY X + 3gX) sin θ′W + 4g1 sin θW cos θ′W ]γµPR
}
uZµ,
LZ′uu = u¯
{
− i
6
(−3g2 cos θW sin θ′W + g1 sin θW sin θ′W + gY X cos θ′W )γµPL
− i
6
[(4gY X + 3gX) cos θ
′
W + 4g1 sin θW sin θ
′
W ]γµPR
}
uZ ′µ,
LZνν = ν¯i
{
− i
2
(g1 sin θW cos θ
′
W + g2 cos θW cos θ
′
W − gY X sin θ′W )
3∑
a=1
UV ∗ja U
V
iaγµPL
+
i
2
(g1 sin θW cos θ
′
W + g2 cos θW cos θ
′
W − gY X sin θ′W )
3∑
a=1
UVjaU
V ∗
ia γµPR
}
νjZ
µ,
LZ′νν = ν¯i
{ i
2
(g1 sin θW sin θ
′
W + g2 cos θW sin θ
′
W + gY X cos θ
′
W )
3∑
a=1
UV ∗ja U
V
iaγµPL
− i
2
(g1 sin θW sin θ
′
W + g2 cos θW sin θ
′
W + gY X cos θ
′
W )
3∑
a=1
UV ∗ia U
V
jaγµPR
}
νjZ
′µ. (B9)
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